Abstract In a previous study we observed that the ability of intravenous infusions of prostaglandin I 2 to attenuate vasoconstriction caused by intravenous infusions of angiotensin II was reduced in the renal but not mesenteric vasculature of spontaneously hypertensive rats (SHR). One objective of the current study was to determine whether a renal defect in the angiotensin II/prostaglandin I 2 interaction in SHR could be confirmed even when confounding hemodynamic changes induced by intravenous infusions of prostaglandin I 2 were avoided. The second objective was to determine whether abnormal modulation of angiotensin II-induced renal vasoconstriction was present even in SHR that were maintained normotensive from an early age. Four-week-old SHR and normotensive Wistar-Kyoto rats were randomized to receive either normal drinking water or drinking water containing captopril (100 mg/kg per day). At 14 to 18 weeks of age, rats were pretreated with indomethacin to block the production of endogenous prostaglandin I 2 , and changes in mesenteric and renal vascular resistances induced by suprarenal/supramesen-I n a recent study, we examined the ability of intravenous infusions of prostaglandin I 2 (PGI 2 ) to attenuate the systemic hemodynamic effects, the renal vasoconstricting actions, and trie mesenteric vasoconstricting effects of intravenous infusions of angiotensin II (Ang II) in both spontaneously hypertensive rats (SHR) and normotensive Wistar-Kyoto (WKY) rats. 1 This study suggested that the ability of PGI 2 to attenuate the vascular response to Ang II was diminished in the kidneys of SHR, whereas the overall hemodynamic effects and mesenteric vasoconstricting effects of Ang II were attenuated similarly by PGI 2 in SHR versus WKY rats.
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The advantage of the experimental design used in our previous study was that it permitted an examination of the Ang II/PGI 2 interaction in the entire cardiovascular system as well as in specific organ beds of naive SHR and WKY rats. However, one disadvantage of the previous study was that intravenous administration of PGI 2 caused profound systemic hypotension that may have confounded the interpretation. Also, the SHR used in our previous study were allowed to develop hypertension so that any renal defect in the Ang II/PGI 2 interaction may have been caused by hypertension-teric aortic infusions of angiotensin II (10, 30, and 100 ng/kg per minute) were elicited in the presence and absence of aortic infusions of prostaglandin I 2 (0.1 and 0.3 Mg/kg per minute). Data were analyzed globally using four-and three-factor ANOVAs. The ability of prostaglandin I 2 to attenuate the renal vasoconstrictor response to angiotensin II was strain specific (P=.0138), and this strain-specific interaction was not influenced by chronic treatment with captopril (P=.3526). In Wistar-Kyoto rats, prostaglandin I 2 attenuated the renal response to angiotensin II (P=.0O71) but not so in SHR (/ > =.3930). Prostaglandin I 2 also attenuated the response to angiotensin II in the mesentery (/ > =.0306), but the angiotensin II/prostaglandin I 2 interaction in this vascular bed was not defective in SHR. We conclude that the SHR has a genetically acquired, kidney-selective defect in the angiotensin II/prostaglandin I 2 interaction. (Hypertension. 1994^3^29-336.)
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The purpose of the present study was to further test the hypothesis that SHR have a genetically acquired, kidney-selective defect in the Ang II/PGI 2 interaction. In the present investigation, a study design was used that allowed a comparison of the ability of PGI 2 to modulate the mesenteric and renal vascular responses to Ang II while avoiding marked PGI 2 -induced hypotension. This study design was applied to both naive SHR and WKY rats as well as SHR and WKY rats that were treated from 4 weeks of age with high doses of captopril to prevent hypertension-induced renal damage in the SHR. The results of this study are consistent with the hypothesis that SHR have a genetically acquired, kidney-selective defect that gives rise to a diminished ability of PGI 2 to attenuate the renal vascular response to Ang II.
Methods
Four-week-old SHR and WKY rats were obtained from Taconic Farms. Rats were kept in an animal care facility with a 12-hour light/dark cycle (7 AM to 7 PM), ambient temperature of 22°C, and relative humidity of 55%. Animals were fed Wayne Rodent Blox 8604 (135 mEq sodium/kg and 254 mEq potassium/kg) and were randomly assigned to receive either normal drinking water or drinking water to which captopril was added to provide a dosage of 100 mgykg per day. We have shown previously that this dosage of captopril reliably prevents the development of hypertension in SHR. study was approved by the Institutional Animal Care and Use Committee.
To block the synthesis of endogenous prostaglandins, we pretreated rats with three doses of indomethacin (5 mg/kg, suspended in olive oil and administered subcutaneously 24 hours, 12 hours, and immediately before surgery). This approach permitted an evaluation of the effects of exogenous PGI 2 in SHR and WKY rats with similarly low baseline levels of endogenous PGI 2 . Rats were anesthetized with an intraperitoneal injection of 50 mg/kg pentobarbital. After induction of anesthesia, the animals were placed on a preheated Deltaphase Isothermal Pad (Braintree Scientific, Inc). A heat lamp was positioned above the animal, a rectal temperature probe was inserted, and body temperature was monitored with a digital thermometer (Physiotemp Instruments, Inc). The distance of the heat lamp from the animal was adjusted to maintain body temperature at 37±0.5°C.
After the rat's trachea was cannulated with polyethylene tubing (PE-240) to facilitate respiration, a catheter (PE-50) was inserted into the left jugular vein, and an infusion of 0.9% saline was begun at 100 ^L/min. A PE-50 cannula was placed in the left carotid artery, and this catheter was attached to a digital blood pressure analyzer (Micro-Med, Inc) for continuous measurement of mean arterial blood pressure and heart rate.
The animal's abdominal cavity was exposed with a midline incision, and the left renal artery and superior mesenteric artery were carefully freed from surrounding tissue. A transittime blood flow probe was placed around each vessel (Transonic Systems Inc; model 1RB for renal artery and model 2SB for mesenteric artery), and the blood flow probes were connected to a two-channel, small-animal, digital, transit-time blood flowmeter (model T206, Transonic Systems). Interference between the two flow probes was prevented by the internal synchronization features on the blood flowmeter. Next, two 32-gauge needles attached to silicone elastomer tubing were inserted into the abdominal aorta such that the tips of the needles were just proximal to the left renal artery and superior mesenteric artery.
Regarding the accuracy of the transit-time flow probes, Transonic Systems bench-calibrated the flow probes against water and specified an in vivo accuracy of better than ±20%. In pilot experiments, we measured renal blood flow using clearance methods and simultaneously measured renal blood flow with transit-time flow probes. On average the two methods gave values within 5% of each other. Extensive in vivo validation studies by Welch et al* indicate that the smallanimal transit-time flow probes provide accuracy well within the manufacturer's specifications.
After completion of the surgical procedure, the jugular infusion of saline was stopped and replaced with an infusion of saline through one of the intra-arterial catheters in the aorta (80 /xUmin). An infusion of 0.1 mol/L Na 2 CO 3 (20 fiL/min) was initiated into the second intra-arterial catheter. All rats then were administered captopril (30 mg/kg IV) through the jugular catheter to block the synthesis of endogenous Ang II. This was necessary so that the effects of exogenous Ang II could be observed in the absence of changes in levels of endogenous Ang II.
After a 60-minute stabilization period the protocol was begun, involving three experimental periods separated by 30 minutes. At the beginning of each experimental protocol, the intra-arterial infusion of 0.1 mol/L Na 2 CO 3 was either maintained or switched to an infusion of either 0.1 or 0.3 fig/kg per minute PGI 2 (the order of treatments was randomized). PGI 2 was dissolved in 0.1 mol/L Na 2 CO 3 and infused at 20 iiL/min. Approximately 5 minutes into the infusion of PGI 2 , regional blood flows and arterial blood pressure and heart rate were recorded. Arterial blood pressure and heart rate were time averaged for 1 minute (arterial blood pressure sampling rate=1100/s with an 82% duty cycle), and organ blood flows were recorded from the digital display of the flowmeter.
While the PGI 2 infusion was continued, the intra-arterial saline infusion was switched to an infusion of Ang II (10 ng/kg per minute). Ang II was dissolved in saline and infused at 80 fiL/nun. Approximately 5 minutes into the combined infusions of PGI 2 and Ang II, all measurements were repeated. While the PGI 2 infusion was maintained, the Ang II dose was increased to 30 and then 100 ng/kg per minute (approximately 5 minutes at each dose), and all measurements were repeated just before the end of each dose of Ang II. Tachyphylaxis to Ang II was not observed in either strain during the 5-minute infusions of Ang II. Infusions of PGI 2 and Ang II were terminated, and infusions of 0.1 mol/L Na 2 CO 3 and 0.9% saline were restored. This procedure was repeated during two more periods separated by 30 minutes with different doses of PGI 2 used in each period.
A PGI 2 stock solution was prepared in absolute ethanol and stored under nitrogen at -75°C. A few milligrams of Na 2 CO 3 was added to the stock solution of PGI 2 to maintain a high pH. Solutions used in the experiments were prepared daily by placing a few microliters of stock into an appropriate volume of 0.1 mol/L Na 2 CO 3 and diluting further with 0.1 mol/L Na 2 CO 3 as required. An equal amount of ethanol was diluted into the 0.1 mol/L Na 2 CO 3 that was infused between the PGI 2 infusions. A stock solution of Ang II was prepared in a buffer solution, divided into aliquots, and stored at -75°C. On each day a fresh aliquot of Ang II stock solution was thawed, a few microliters of stock was added to an appropriate volume of 0.9% saline, and further dilutions were made in 0.9% saline as required. An equal amount of buffer solution was diluted into the 0.9% saline that was infused between the Ang II infusions. Both PGI 2 and Ang II were obtained from Sigma Chemical Co.
Data were analyzed statistically by four-factor ANOVA in which the factors were (1) chronic treatment with captopril or not, (2) rat strain, (3) dose of PGI 2 , and (4) dose of Ang II. The latter two factors were treated as repeated-measures factors (ie, factors 3 and 4 were nested under rat strain). A separate three-factor ANOVA was conducted for each rat strain if an interaction among rat strain, dose of PGI 2 , and dose of Ang II was detected. In the three-factor ANOVA the factors were (1) chronic treatment with captopril or not, (2) dose of PGI 2 , and (3) dose of Ang II. Again, the latter two factors were treated as repeated-measures factors. Statistical analysis was performed using the Number Crunchers Statistical System. Data are presented as mean±SEM.
Results
The Table lists mean arterial blood pressures, heart rates, renal blood flows, renal vascular resistances, mesenteric blood flows, and mesenteric vascular resistances for all four groups of animals before the infusions of Ang II, ie, in the presence of 0,0.1, and 0.3 /ig/kg per minute PGI 2 but before the infusions of Ang II were initiated. Before the infusion of Ang II, arterial blood pressures were not significantly different during the three experimental periods in any of the four groups, although the highest dose of PGI 2 did tend to decrease arterial blood pressure in the SHR receiving chronic captopril treatment. Also, PGI 2 did not affect baseline renal blood flows or baseline renal vascular resistances in any of the four groups. PGI 2 tended to increase baseline mesenteric blood flow and decrease mesenteric vascular resistance in all four groups, but this achieved statistical significance only for the mesenteric vascular resistance in WKY rats chronically treated with captopril. rats that did not receive chronic captopril treatment (Fig 1) , in WKY rats that did receive chronic captopril treatment (Fig 2) , in SHR that did not receive chronic captopril treatment (Fig 3) , and in SHR that did receive chronic captopril treatment (Fig 4) . The data illustrated in Figs 1 through 4 were subjected to a global statistical analysis using a four-factor ANOVA in which the factors were treatment or not with captopril, rat strain, dose of PGI 2 , and dose of Ang II. As shown in Fig 5, a highly significant three-way statistical interaction among rat strain, dose of PGI 2 , and dose of Ang II was calculated (/ J =.O138). This three-way statistical interaction term indicates that PGI 2 affected the response to Ang II but that the strength of this pharmacologic interaction depended on rat strain.
To explore how the Ang II/PGI 2 pharmacologic interaction depended on rat strain, we reanalyzed the data according to rat strain using a three-factor ANOVA. In other words, the data from WKY rats (shown in Figs 1 and 2) were used to construct a three-factor ANOVA, and the data from SHR (shown in Figs 3 and 4) were used in a separate three-factor ANOVA. In the case of WKY rats, a highly significant statistical interaction between Ang II and PGI 2 was noted (P=.OO71), whereas in SHR the statistical interaction between Ang II and PGI 2 was not significant (P=.393O). These statistical results clearly indicated the nature of the three-way interaction revealed by the four-factor ANOVA; ie, PGI 2 attenuated the effects of Ang II in WKY rats but not in SHR. It is also important to note that with the four-factor ANOVA, the statistical interaction among captopril, rat strain, PGI 2 , and Ang II was not significant (/ 5 =.3526). Also, neither of the three-factor ANOVAs showed significant statistical interaction among captopril, PGI 2 , and Ang II (P=.7172 for WKY rats and P=3881 for SHR). These statistical results clearly indicated that chronic therapy with captopril did not restore in SHR the pharmacologic interaction between Ang II and PGI 2 . Figs 6 through 9 illustrate the effects of Ang II on mesenteric vascular resistance at each level of PGI 2 in WKY rats that did not receive chronic captopril treatment (Fig 6) , in WKY rats that did receive chronic captopril treatment (Fig 7) , in SHR that did not receive chronic captopril treatment (Fig 8) , and in SHR that did receive chronic captopril treatment (Fig  9) . The data illustrated in Figs 6 through 9 also were subjected to a global analysis using a four-factor ANOVA in which the factors were treatment or not with captopril, rat strain, dose of PGI 2 , and dose of Ang II (Fig 10) . This analysis revealed a significant two-way interaction between Ang II and PGI 2 (P=.O3O6); ie, PGI 2 attenuated the responses to Ang II in the mesenteric vascular bed. Furthermore, the three-way interaction involving rat strain, PGI 2 , and Ang II and the four-way interaction involving captopril, rat strain, PGI 2 , and Ang II were not statistically significant (/ > =.2006 and ^=.6450, respectively), indicating a lack of evidence that the pharmacologic interaction between PGI 2 and Ang II in the mesentery depended on rat strain.
Discussion
In two separate studies using different methodologies we have documented an increased renal responsiveness to intrarenal infusions of Ang II in adult SHR. In these studies, SHR were pretreated from an early age with captopril, a converting enzyme inhibitor, to prevent the development of hypertension.
2 ' 3 This approach allowed renal vascular responsiveness to be assessed in SHR with minimal hypertension-induced cardiovascular and renal changes and with baseline hemodynamic conditions similar to normotensive WKY rats. In a third study, also conducted in chronically captopril-treated SHR, we found that intravenous infusions of Ang II caused a greater increase in renal vascular resistance, whereas the vascular response in the mesenteric, carotid, and hindquarter vascular beds was normal. 5 This latter study suggested that the increased vascular responsiveness to Ang II in SHR was a kidney-selective defect. Importantly, Chatziantoniou et al 67 determined that renal vascular responses to bolus intrarenal injections of Ang II were enhanced in young* and adult recently, an abstract by Wolff and Pettinger 8 indicated that SHR have an enhanced renal vascular response to intrarenaJ bolus injections of Ang II in conscious animals. Thus, when taken together, currently available studies indicate that the SHR kidney has an enhanced responsiveness to Ang II regardless of (1) whether hypertension is allowed to develop or not, (2) age, (3) state of anesthesia, (4) whether Ang II is given intravenously or directly into the renal artery, and (5) whether Ang II is administered as a bolus injection or by steady-state infusion.
Because the enhanced renal vascular response to Ang II in SHR could at least in part explain the pathophysiology of genetic hypertension in SHR, it is important to elucidate the mechanism of this increased responsiveness to Ang II. In this regard, Chatziantoniou et al 6 -7 discovered that the differential renal vascular response to Ang II in SHR versus WKY rats was abolished by inhibition of prostaglandin biosynthesis with indomethacin, suggesting some involvement of prostanoids in the abnormal response in SHR. These results caused us to consider the hypothesis that a defective interaction between Ang II and PGI 2 could explain the enhanced renal responsiveness to Ang II.
In the current study, a renal-selective defect in the Ang II/PGI 2 interaction in SHR was confirmed even when confounding hemodynamic changes induced by intravenous infusions of PGI 2 were avoided by infusing PGI 2 into the aorta just proximal to the orifices of the superior mesenteric and left renal arteries. Also, the renal-selective defect in the Ang II/PGI 2 interaction was observed regardless of whether SHR were maintained normotensive with chronic administration of high doses of captopril or were allowed to develop hypertension. Although we did not measure systemic blood pressure chronically in the current study, we have documented repeatedly in chronic studies that the dosage regimen of captopril used in the current study completely and reliably prevents the development of hypertension in SHR.
2 -3 Most recently, we have confirmed this contention using round-the-clock telemetry measurements of arterial blood pressure in SHR for several months (manuscript in preparation). Therefore, our results indicate that in the SHR the Ang II/PGI 2 interaction is defective and this defect is not an artifact of PGI 2 -induced hypotension, is not induced by chronic hypertension, and is renal selective. Our results are entirely consistent with our previous work using intravenous infusions of PGI 2 and Ang II 1 and with the studies by Chatziantoniou and Arendshorst, 9 who also observed that bolus intrarenal injections of PGI 2 attenuated the renal vascular response to concomitant bolus intrarenal injections of Ang II in WKY rats but not in SHR.
In the present study, the systemic effects of PGI 2 and Ang II were minimized by infusing these hormones in the aorta just above the origins of the mesenteric and renal arteries. However, some recirculation of both hormones was unavoidable. Regarding PGI 2 , the highest dose of PGI 2 appeared to decrease arterial blood pressure in SHR that were chronically treated with captopril, although this affect did not achieve statistical significance. It is important to note, however, that regardless of the doses of Ang II and PGI 2 , the results were the same; ie, PGI 2 attenuated the Ang H-induced renal vasoconstriction in WKY rats but not SHR. This finding indicates that recirculation of either PGI 2 or Ang II did not confound the results.
The data from our current studies can be viewed from several different perspectives. The graphical presentations in Figs 1 through 4 were designed to illustrate the point that PGI 2 attenuates the renal vascular response to Ang II in WKY rats but not in SHR. Another informative perspective of the data is to overlay Fig 1 on  Fig 3 and Fig 2 on Fig 4. This view of the data would demonstrate that in indomethacin-pretreated rats in the absence of exogenous PGI 2 , renal vascular responses to Ang II are similar in WKY rats versus SHR. However, in indomethacin-pretreated rats receiving infusions of exogenous PGI 2 , renal vascular responses to Ang II are greater in SHR versus WKY rats. This result applies whether or not animals are chronically treated with captopril. Thus it would appear that the enhanced renal response to Ang II that we and others have observed is abolished by indomethacin but reappears when PGI 2 levels are restored by exogenous infusions of PGI 2 . This is further supporting evidence that the reason SHR have an increased renal responsiveness to Ang II is because of the inability of PGI 2 to attenuate the renal response to Ang II.
Importantly, defective modulation of Ang H-induced vasoconstriction appears to be confined to the kidney. As shown in Figs 8 and 9 , PGI 2 effectively attenuated mesenteric vasoconstriction in SHR. This result is consistent with our recent observation of defective PGI 2 modulation of Ang II-induced vasoconstriction in the kidney but not mesentery after intravenous infusions of PGI 2 and Ang II. As mentioned above, in a recent study we compared the effects of intravenous infusions of Ang II on regional hemodynamics in chronically captopril-treated SHR and WKY rats. 5 Interestingly, in that study only the kidney demonstrated an enhanced responsiveness to Ang II. Thus, the renal-selective defect in the Ang II/PGI 2 interaction observed in both the current study with intraarterial infusions and our previous study with intravenous infusions 1 corresponds to the renal-selective enhancement of Ang II-induced vasoconstriction observed after intravenous infusions of Ang II. 5 Another issue deserving comment is the effect of chronic captopril treatment on vascular responses to Ang II. Chronic treatment with captopril significantly (captopril/Ang II interaction had a probability value of .0018 in the four-factor ANOVA) increased renal vascular responses to Ang II but did not significantly affect mesenteric vascular responses to Ang II. The interaction between captopril and Ang II in the kidney was not significantly dependent on rat strain (captopril/strain/Ang II interaction had a probability value of .2876 in the four-factor ANOVA). These results imply that regardless of rat strain, chronic blockade of the renin-angiotensin system upregulates receptor number and/or enhances postreceptor events in the renal but not mesenteric vasculature. This observation is consistent with our recent study demonstrating that the kidney vasculature is the primary physiological target for the renin-angiotensin system (manuscript submitted for publication). Thus, whenever the renin-angiotensin system is chronically inhibited, its primary physiological target, ie, the renal vasculature,
